Abstract-Myosin binding protein C (MyBP-C) is one of a group of myosin binding proteins that are present in the myofibrils of all striated muscle. The protein is found at 43-nm repeats along 7 to 9 transverse lines in a portion of the A band where crossbridges are found (C zone). MyBP-C contains myosin and titin binding sites at the C terminus of the molecule in all 3 of the isoforms (slow skeletal, fast skeletal, and cardiac). The cardiac isoform also includes a series of residues that contain 3 phosphorylatable sites and an additional immunoglobulin module at the N terminus that are not present in skeletal isoforms. The following 2 major functions of MyBP-C have been suggested: (1) a role in the formation of the sarcomeric myofibril as a result of binding to myosin and titin and (2) in the case of the cardiac isoform, regulation of contraction through phosphorylation. The first is supported by the demonstrated effect of MyBP-C on the packing of myosin in the thick filament, the coincidence of appearance of sarcomeres and MyBP-C during myofibrillogenesis, and the defective formation of sarcomeres when the titin and/or myosin binding sites of MyBP-C are missing. The second is supported by the specific phosphorylation sites in cardiac MyBP-C, the presence in the thick filament of an enzyme specific for MyBP-C phosphorylation, the alteration of thick filament structure by MyBP-C phosphorylation, and the accompaniment of MyBP-C phosphorylation with all major physiological mechanisms of modulation of inotropy in the heart.
O ne of the basic mechanisms for movement in eukaryotic cells is the interaction of a molecular motor with a polymer. The type of movement and the particular function served by the movement vary considerably among cells, from generation of force or pressure by striated muscle to intracellular transport of organelles and vesicles. The properties of different molecular motors and polymers have evolved to allow this diversity. The breadth of function is also achieved by the presence of additional proteins that are crucial for the 3-dimensional organization of the contractile proteins and the modulation of their interaction. In striated muscle, force is generated by an interaction between the molecular motor myosin and filamentous actin, the major proteins of, respectively, thick and thin filaments. Although they generate force, actin and myosin alone cannot reproduce all of the fundamental properties of the contractile system of striated muscle. A pure actin-myosin system lacks the calcium-dependent switch that controls the transition between the resting and force-generating states. Regulatory proteins in the thin filaments, tropomyosin and the 3 subunits of troponin (TNI), provide this control by blocking the access of myosin to its binding site on actin in the absence of calcium.
In addition to its major component, myosin, the thick filament contains other proteins that have been identified as myosin binding protein-C, -H, and -X (MyBP-C, -H, and -X). 1 They constitute 1% to 2% of the myofibrillar mass. The extra proteins in the thick filament are located along 9 stripes in the region of the A band containing crossbridges (C zone), with each stripe separated by 43 nm from the adjacent ones 2, 3 ( Figure 1 ). With these additional proteins present, it is possible to synthesize thick filaments with central bare zones, tapered ends, and periodically distributed crossbridges arranged helically around the circumference of the filaments. 4 Thick filaments that closely resemble natural thick filaments can be formed from myosin extracts of myofibrils. 5 Apparently, proteins associated with myosin are required for the formation of the filaments. Without these proteins, the filaments are thicker, their lengths and thicknesses are very heterogeneous, clear central bare zones are not present, and myosin crossbridges are not clearly discernible. 6 -8 consists of 1142 amino acids (based on the cDNA sequence) with a predicted molecular mass of 128 kDa, which is less than the value inferred from gel electrophoresis. 9 Each skeletal MyBP-C contains 10 domains, consisting of 7 immunoglobulin (Ig) C2 motifs and 3 fibronectin (Fn) type III motifs arranged in the same order (Ig-Ig-Ig-Ig-Ig-Fn-FnIg-Fn-Ig) (identified as modules I to X) 17 (Figure 2) . The electron microscopic image of MyBP-C is a mixture of rod shape, V shape, and U shape. The skeletal isoforms are Ϸ3 nm in diameter and 32 nm long, 18, 19 whereas the cardiac isoform is longer, Ϸ40 to 44 nm, and also shows the same shapes. There are indications that the molecules may form dimers. 18, 19 The cardiac isoform differs from the 2 skeletal isoforms in 3 important ways (see below).
The C-terminal module (module X, also known as CX) contains the binding site for myosin, 11, 17, 20 but, although this module is necessary, it is not sufficient for maximal binding to myosin. The affinity of MyBP-C for myosin increases progressively as the 3 adjacent modules, VII through IX, are added at the C terminus. 20 The importance of these additional modules in the binding to myosin is also demonstrated by the inability of a peptide encoding module X to displace MyBP-C from myosin. 17 The overall homology of amino acids deduced from the various cDNAs of MyBP-C is high. 9 Fast human and fast chicken have 71% identity and 10% conservative substitutions. Human fast and slow isoforms have 50% sequence identity and 16% conservative substitutions. The most conserved immunoglobulin repeats are II and X. The longest region of identity among the chicken and human isoforms, 18 residues, is present in the spacer between modules I and II, and overall this region has Ϸ80% identity. The phosphorylation sites that exist on the cardiac but not the skeletal isoforms are located in this region (see below).
In addition to the myosin binding site on MyBP-C, there are sites in the 3 C-terminal domains (VIII through X) that bind to a specific subset of immunoglobulin and fibronectin domains in titin. 11, 12, 21, 22 MyBP-C can also bind to actin in both regulated and unregulated filaments. 23, 24 In regulated filaments, calcium increases the amount of MyBP-C bound, producing a side-by-side association of the filament that does not occur in the absence of calcium. In unregulated actin, the stoichiometry is Ϸ1 MyBP-C/3 to 5 actins, and calcium does not affect the binding. The dissociation constant is in the micromolar range, making a specific physiological role for the binding unlikely.
Two additional myosin binding proteins, MyBP-X and MyBP-H, have been identified. 2, 25, 26 Both of these bind to myosin at 43-nm repeats in the C zone of the thick filament, although not necessarily in the same pattern. MyBP-X, found in red and mixed muscles, has subsequently been shown to be the slow skeletal isoform of MyBP-C based on amino acid composition, elution pattern from hydroxyapatite, and sedimentation coefficient. 9, 27 The second protein, MyBP-H, is much smaller than MyBP-C, with a molecular mass of 52 kDa based on amino acid sequence, and it is encoded in a separate gene from MyBP-C. 13,14,28 -30 A substantial amount of MyBP-H is present in the Purkinje cell, a cardiac cell specialized for impulse conduction. It is the only cell type containing striated myofibrils that does not contain MyBP-C. 26 It appears to be absent or in very low concentration in cardiac muscle 14 and slow skeletal muscles. MyBP-H consists of 2 immunoglobulin and 2 fibronectin modules with a high level of conservation compared with MyBP-C and a myosin binding site that closely resembles that in MyBP-C. However, MyBP-C can still bind to myosin even if the myosin is saturated by MyBP-H. 30 The cardiac isoform of MyBP-C is encoded in a different gene on a different chromosome from the 2 skeletal isoforms (in human, chromosome 11). Although the 3 isoforms share a similar structure consisting of several immunoglobulin and fibronectin modules and a myosin binding site in its C-terminal immunoglobulin module, the cardiac isoform has 3 important differences in structure from the skeletal isoforms, as follows: (1) cardiac MyBP-C (cMyBP-C) contains an additional immunoglobulin module with 101 residues at the N terminus (module 0 or C0); (2) in the 105-residue linker between the C1 and C2 immunoglobulin domains (MyBP-C motif), it contains 9 additional residues and 3 phosphorylation sites that are unique to the cardiac isoform 15 ; and (3) a 28-residue loop is added to the C5 immunoglobulin domain.
The importance of cMyBP-C in the structure and function of cardiac muscle has attracted greater attention since it was demonstrated that mutations in the gene can produce familial hypertrophic cardiomyopathy (FHC). 16, [31] [32] [33] [34] [35] [36] The majority of mutations are splice donor, splice acceptor, deletion, or insertion mutations that produce at least 1 abnormal transcript and lead to functional proteins lacking the myosin binding site, in some cases the titin binding site, and even the phosphorylation sites.
In developing skeletal muscle cells, the 2 skeletal isoforms can be coexpressed while the cardiac isoform of MyBP-C is specifically expressed in human and mouse developing cardiac but not developing skeletal cells. 36 -38 Because the 2 skeletal isoforms can be coexpressed in skeletal muscle, but only the cardiac isoform is expressed in cardiac muscle, cardiac muscle should be more vulnerable to gene mutation in MyBP-C than skeletal muscle. No skeletal myopathy associated with cardiomyopathy due to mutations of MyBP-C has been described.
FHC associated with truncations in MyBP-C is more benign than those resulting from mutations in genes encoding myosin heavy chain (MHC) or tropomyosin. The clinical picture favors haploinsufficiency rather than a poison polypeptide as the cause of the pathology of the heart. Yang et al 39 have been successful in producing transgenic lines of mice in which there is overexpression of transcripts of the wild type of MyBP-C or a truncated form lacking the specific titin and myosin binding sites. Even in the presence of overexpression of transcripts of the wild type of MyBP-C, there is the normal stoichiometry of MyBP-C to myosin, indicating the presence of some mechanism for controlling the overall stoichiometry of MyBP-C with respect to other contractile proteins. The truncated form of MyBP-C is found in foci and has a diffuse rather than normal sarcomeric distribution. Some sarcomeres are in disarray or are abnormally formed. The extent of the pathology is related to the dose of truncated protein. Although there is no difference in contraction, relaxation, or the response to increased workloads in the isolated intact heart, skinned bundles from papillary muscles show a decrease in maximum power, a decrease in maximum force, and an increase in calcium sensitivity without any changes in maximum velocity. Extraction of a major portion of MyBP-C from either skeletal or cardiac muscle increases calcium sensitivity in both skeletal and cardiac muscle, but the effect is more pronounced in cardiac muscle. 40, 41 There is also a reduction in shortening velocity in skeletal muscle with low level of activation.
MyBP-C Binding to Myosin
Of the 9 stripes in the C zone of the A band, 7 are due to MyBP-C and the other 2 to other proteins, which may also be present in the 7 stripes that contain MyBP-C. The periodicity of MyBP-C corresponds very closely to that of the helically arranged crossbridges in a 3-stranded array of myosin molecules in the thick filament. 42 Fast and slow skeletal isoforms may be present within a single sarcomere of skeletal muscle. 43, 44 Because MyBP-C is 32 to 44 nm long but the available protein antigenic sites have an axial extent of Ͻ10 nm, probably Ϸ7 nm, in the thick filament, it is likely that the molecule is oriented perpendicularly to the long axis of the filament. Its accessibility in the thick filament to antibodies suggests that at least part of MyBP-C lies on the surface of the thick filament. 6 MyBP-C binding is restricted to the C zone, probably because its binding is sensitive to the packing of myosin in the thick filament, and this packing is different near the bare zone and the tapered ends of the filament. 6 The 43-rather than 14-nm repeat (every 3 rather than every 1 crossbridge) suggests that all myosin molecules within the filament are not equivalent. Based on the stoichiometry of MyBP-C to myosin, each of the 7 stripes contains between 2 and 4, most likely 3, molecules of MyBP-C per thick filament. 6 There is a myosin binding domain in the C-terminal module of MyBP-C 20 and 2 MyBP-C binding domains in myosin, one near the junction of the S2 and light meromyosin (LMM) fragments in the hinge region of the myosin molecule and the other in the LMM or rod portion of the molecule. 45, 46 The specific binding residues have not yet been identified.
MyBP-C does not bind to subfragment 1 (the head of the myosin or the crossbridge region). From the nature of the binding, one might predict that MyBP-C could have a significant effect on crossbridge movement and myosin packing. In myosin filaments formed at pH 8.0, which have diameters similar to those of native filaments, the presence of MyBP-C in physiological stoichiometry (0.1 to 0.3 molar ratio) increases the filament length, with MyBP-C restricted to the C zone. 8 At higher molar ratios, MyBP-C appears to bind in the region between the bare zone and the C zone. From its effect on filament turbidity, Davis 8 has proposed that there are 3 sites of MyBP-C binding to myosin, as follows: a high-affinity site that changes the structure of the synthetic filaments (0.1 to 0.3 molar ratio), a second site that is occupied at higher molar ratios (0.3 to 1.0) and more likely to be the one on subfragment 2, and a third site at much higher molecular ratios (1 to 2 to 1) that is more nonspecific and due to the adhesive nature of the immunoglobulin and fibronectin modules in MyBP-C.
MyBP-C contributes to the 43-nm reflections in the x-ray diffraction patterns in striated muscle and may also contribute to the "forbidden reflections" also found in resting striated muscle. 42, 47 The forbidden reflections are presumed to be due to imperfections in the order of protein arrangements in the thick filament. During contraction of some striated muscle, reflections associated with mass at the locations of MyBP-C and the forbidden reflections markedly diminish or disappear. 40, 45 There is also a rearrangement within the backbone of the thick filament that is associated with an increase of 1.5% in the periodicity of the 14.3-nm reflection. 47 These changes in the diffraction pattern suggest that a change in MyBP-C structure and the packing of the myosin in the backbone of the thick filament may occur during the contraction.
Filament Formation
The dimensions of synthetic myosin filaments are modified by the presence of MyBP-C, resulting in an increase in length, a decrease in the diameter, and increased uniformity of the diameters of the filaments apparently from greater compactness of the filament. 7 The effect of MyBP-C on the structure of the myosin filaments is very sensitive to the conditions under which it is added to the myosin. Of particular importance are the molar ratio of MyBP-C to myosin and the timing of the addition of MyBP-C with respect to the formation of the myosin filaments. The individual myosin filaments formed in the absence of MyBP-C by decreasing the ionic strength of a myosin solution have uniform diameters along the filament, but the range of diameters is wide. There are 14-nm subunit and 43-nm axial periodicities as in the normal filament in vivo due to the uniform spacing and the helical arrangement of the myosin molecules, respectively. About 25% of the filaments are frayed, apparently from weak lateral myosin-myosin interactions. If the myosin filaments are produced in the presence of MyBP-C in the physiological molar ratio (1 MyBP-C:3 to 4 myosins), the range of diameters is much narrower. 7 There is little fraying, suggesting that the lateral myosin-myosin interactions are strengthened. The periodicities of myosin and LMM paracrystals with and without MyBP-C indicate that MyBP-C is probably present in native thick filaments with periodicity identical to that of myosin. 8, 46 Myosin II (the form on skeletal muscle) expressed in transfected COS cells forms filaments that are much thicker than those in skeletal muscle. 48 When myosin and MyBP-C are coexpressed, the length of the myosin filaments is increased and the diameter is decreased.
Several conclusions about the effect of MyBP-C on the structure of the thick filament can be tentatively drawn.
(1) Although MyBP-C is not necessary for the formation of myosin filaments, it is probably necessary for the formation of normal thick filaments. (2) MyBP-C is not necessary for the subunit repeat of 14 nm in a myosin filament. (3) MyBP-C has a major influence on the structure of the myosin filament, probably through an effect on the lateral myosin-myosin interaction. (4) MyBP-C binds to myosin at 2 different sites, 1 in the rod portion and the second in the subfragment 2. The affinity of the latter site may be lower than that of the former. (5) Binding of MyBP-C at 43-nm rather than 14-nm repeats and only within a portion of the thick filament suggests that the packing of myosin molecules is more complex and heterogeneous along the thick filament; all myosin molecules are not equivalent. 6, 46 Sarcomere Formation Three major types of evidence suggest that MyBP-C plays an important role in the formation of myofibrils in striated skeletal and cardiac muscle. First, the formation of thick filaments is altered by the presence of MyBP-C, and only in the presence of the normal content of MyBP-C do synthetic thick filaments resemble native thick filaments in their thickness, length, bare zone, and distribution of myosin heads. 4, 5 MyBP-C binds in a highly regular fashion to myosin and titin. Second, MyBP-C is present in all striated muscles except cardiac Purkinje fibers, which contain a significant amount of MyBP-H. 29 MyBP-C appears relatively late and is first detected as nonstriated myofibrils 49 or nascent myofibrils (the stage between premyofibrils located at the cell periphery and native myofibrils 50 ) evolve into mature myofibrils. MyBP-C reduces the critical concentration required for polymerization of myosin. 8 MyBP-C appears only at its characteristic location within the myofibril and is absent from nonstriated myofibrils. 51 Third, in myotubes expressing a significant amount of mutant MyBP-C lacking the CX module, cross-striations were missing in 97% of cells, 20 and in cardiac muscle cells with truncated MyBP-C deficient in myosin binding site, there is a significant degree of disorder and myofibrillar disarray. 39 The 1 exception to the otherwise uniform association of MyBP-C with striated myofibrils is the cardiac Purkinje cells, but these cells, although capable of contraction, are primarily conducting cells. They also contain MyBP-H, another myosin binding protein that contains the 4 C-terminal modules, in which the myosin binding site exists. 14 
ATPase Activity
The effect of the presence of MyBP-C in myosin filaments on actomyosin ATPase activity depends on ionic strength. [52] [53] [54] At low ionic strength there is a decrease, and at normal ionic strength a small increase, in the rate of ATP hydrolysis by skeletal actomyosin. On the other hand, when the isoform of myosin is cardiac, addition of MyBP-C increases ATPase activity at all ionic strengths, both low and normal. The effect of MyBP-C on the ATPase activity depends on the isoform of myosin and not on the isoform of MyBP-C. Cardiac MyBP-C added to skeletal myosin lowered ATPase activity at low ionic strengths, whereas skeletal MyBP-C raised the ATPase activity of cardiac myosin at all ionic strengths. 51 To produce any change in ATPase activity of actomyosin, the entire myosin molecule must be present (Figure 3) . [53] [54] [55] Modification of the enzymatic activity by MyBP-C does not occur unless the entire MHC including the rod portion that forms the backbone of the normal thick filament and both light chains are present. There is no significant change in the rate of ATP hydrolysis in the absence of actin. 54 These results, together with those of the effect of MyBP-C on the thickness of myosin filament, suggest that the ATPase of actomyosin is influenced by the environment of the rod portion of the molecule and is not exclusively regulated by the crossbridge or heavy meromyosin (HMM) portion of the molecule. The increase in ATPase activity of cardiac actomyosin produced by MyBP-C is prevented by removing the regulatory light chain of myosin (LC2) from the cardiac muscle, and the increase is restored when LC2 is restored. 55 This suggests that MyBP-C and LC2 may work in concert on ATPase activity of actomyosin. In support of this interpretation is the fact that removal of MyBP-C, truncation of MyBP-C, and phosphorylation of LC2 all have the same effect on calcium sensitivity of the contraction of cardiac myocytes. The phosphorylation of either protein results individually in a change in structure of the thick filament with an extension of the crossbridges, but the effects on the degree of order of the crossbridges are different.
Phosphorylation of C Protein
Based on amino acid sequence of the human cardiac isoform, 4 phosphorylation sites (designated A-D by Gautel et al 15 ) appear to exist within residues 157 to 259 in the MyBP-C motif. Putative site D is, however, not phosphorylated by protein kinase A (PKA) or calmodulin kinase (CAMK), presumably because the site is inaccessible because of folding of the molecule. PKA can phosphorylate sites A, B, and C, and site B can be phosphorylated by CAMK, a kinase that is normally present in thick filaments and can be removed from the filament by special effort. 56, 57 Besides their relative sensitivity to CAMK, phosphorylation sites A, B, and C are not equivalent in other ways. If site B is mutated to prevent phosphorylation, the ability of PKA to phosphorylate sites A and C is markedly reduced. It appears as if there is a preferential sequence of phosphorylation: site B phosphorylation facilitates the phosphorylation of sites A and C. In chicken ventricle, there is also a CAMK bound to the MyBP-C after extraction, and it remains after partial purification. 56, 57 However, 3 phosphates are added per molecule of MyBP-C by CAMK and only 2 by PKA, and the combination produces phosphorylation of 4 sites.
Effect of MyBP-C on Contractile Function
Much work has been done over the past 2 decades to try to determine the function of MyBP-C. The general approach has been to compare the structure and ATPase activity of myosin filaments with and without added MyBP-C. 7,46,52-54 As regards structure, the results have been inconsistent, primarily because the effect of MyBP-C on the formation of thick filaments depends on the temperature, ionic strength, and relative concentration of MyBP-C with respect to myosin. In no case, however, have thick filaments with a normal physiological appearance been produced without MyBP-C present.
The physiological function of MyBP-C and its phosphorylation in cardiac myocytes have been hard to evaluate because of the inability to remove and replace Ͼ70% of MyBP-C in preparations with an intact filament lattice. 40, 41, 58 In skinned rabbit skeletal muscle maximally activated by calcium, removal of 40% to 70% of MyBP-C has no effect on the maximum velocity of unloaded shortening. At submaximal activation, in which 2 phases of unloaded shortening velocity occur, partial extraction of MyBP-C increases V max during the low-velocity phase without altering the highvelocity phase. From these data, Hofmann et al 40, 41 suggest that MyBP-C contributes to an internal load, possibly by increasing the stiffness of the S2 portion of myosin.
Partial extraction of MyBP-C in skinned cardiac muscle produces an increase in force at submaximal activation by calcium without changing the maximum force generated at optimal concentration of calcium. 41, 58 The slope of the calcium-force curve is reduced. Restoration of MyBP-C reverses these changes. The direction of the change in force in this muscle model, which contains an intact filament lattice, is the opposite of that observed in ATPase activity in isolated actin and myosin, in which addition of MyBP-C increases actomyosin ATPase activity at normal ionic strength. However, the rate-limiting steps in the crossbridge cycle for generation of force and hydrolysis of ATP are probably not the same. In view of the requirement for LC2 in order to see an effect of MyBP-C on actomyosin ATPase, it is of interest that (1) phosphorylation or removal of LC2 has the same effect on the calcium-tension curve as removal of MyBP-C and (2) phosphorylation of LC2 modifies crossbridge order and flexibility. 59 
Function of Phosphorylation of Cardiac MyBP-C
Elucidation of the function of phosphorylation of MyBP-C in cardiac muscle with intact structure has been difficult, because it has not yet been possible to produce phosphorylation of MyBP-C in the absence and in the presence of specific phosphorylation of other myofilament proteins, except for the special case of the neonatal (3-day-old) rat, 60 in which some cardiac regulatory systems are absent or very poorly developed, 61 and some of the isoforms of myofibrillar proteins are still fetal. How phosphorylation of 1 myofilament protein may affect the change produced by phosphorylation of another is not a trivial consideration. In isolated unrestrained myofibrils, PKA, which phosphorylates TNI and MyBP-C, changes the calcium sensitivity of actomyosin ATPase activity without changing the maximum value. On the other hand, PKC, which phosphorylates TNI at different sites and MyBP-C in the same peptide fragment and, in addition, phosphorylates LC2, can cause a decrease in maximum ATPase activity without a shift in the Ca-ATPase activity relation. 62 The effect of PKC-mediated phosphorylation on ATPase activity depends on the isoform of PKC and the specific sites within the inhibitory subunit of TNI that are phosphorylated. 63 These results point out the need to evaluate the effects of phosphorylation of a given site under the several different physiological conditions that can occur. Greater control over phosphorylation can be exercised in reconstituted actomyosin systems. Using this approach, Garvey et al 64 have generated strong evidence against a major role for phosphorylation of MyBP-C in modulating contractility. After removal of unphosphorylated MyBP-C from reconstituted regulated actomyosin systems and replacement with phosphorylated MyBP-C, no change in the calcium activation of Mg-ATPase activity occurs. 64 There are no physical restraints on the contractile system in this model of contraction, however, and a change in crossbridge kinetics that is sensitive to stress or force on the crossbridge, such as the detachment step, may not be detected.
Cryostatic sections of quickly frozen cardiac muscle retain the contractile filament lattice, and both actomyosin ATPase activities and phosphorylation of all the contractile proteins can be measured after treatment of the frozen sections with cAMP-activated PKA, ␤-adrenergic agonists, or ␣-adrenergic agonists. 65, 66 In this preparation, PKA increased actomyosin ATPase activity as well as phosphorylating MyBP-C and TNI. 40 In the presence of blockade of ␣-adrenergic activity, PKA lowered ATPase activity and decreased phosphorylation of MyBP-C. Of all of the phosphorylations of the contractile and regulatory proteins, only phosphorylation of MyBP-C showed a consistent correlation with the level of ATPase activity under all conditions examined. 64 Phosphorylation of TNI changed in the same direction as ATPase, but the relation between the 2 parameters was not simple. This does not, however, preclude the possibility that the changes in ATPase activity could be due to the phosphorylation of TNI alone or that the phosphorylation of both proteins is necessary. 67 Five major or potentially major regulators of contractility, ␣-and ␤-adrenergic activation, cholinergic stimulation, calcium, and endothelin lead to changes in phosphorylation of MyBP-C, but other myofibrillar proteins may also be phosphorylated. The accompanying phosphorylations introduce a major difficulty in evaluating the role of phosphorylation of MyBP-C in the regulation of contraction because of the inability to examine its effects in the intact heart specifically. Isoproterenol and carbachol each induce changes in relaxation time that correlate well with the degree and time course of phosphorylation of MyBP-C, but phosphorylation of other proteins that could alter the kinetics of relaxation have not been simultaneously examined. 68 The effects of PKAinduced phosphorylation of TNI and MyBP-C on isometric force and unloaded shortening velocity have been examined in skinned isolated cardiac myocytes. A decrease in calcium sensitivity but no change in either maximum force or unloaded shortening velocity were observed. 69 The decrease in calcium sensitivity is due to phosphorylation of TNI, 67 but the absence of a change in unloaded shortening velocity is surprising inasmuch as an increase in velocity and apparent rate of crossbridge cycling from PKA activation or ␤-adrenergic stimulation has been demonstrated in intact cardiac cells. 70 -73 These results also point out the importance of evaluating the contractile response to a given intervention by measuring several parameters of contraction, including force, velocity of shortening, and ATPase activity. The preparation itself is important particularly as regards the state of the filament lattice, filament overlap, and filament separation. 74 In fact, the absence of an effect of phosphorylation of MyBP-C in reconstituted systems and the apparent relation of the degree of phosphorylation with crossbridge cycling in the presence of the filament lattice need not be contradictory. Both sets of results can be interpreted as the consequence of an effect of MyBP-C phosphorylation on steps in the crossbridge cycle that are sensitive to stress or to the separation of thick and thin filaments (Figure 4 ). In reconstituted systems or actomyosin preparations using only myosin heads (HMM or subfragment 1), little stress can be developed as the myosin heads cycle, whereas crossbridges cycling in the intact filament lattice develop stress. If lattice integrity is required to see the effects of MyBP-C phosphorylation on crossbridge cycling, maximum velocity of shortening, ATPase activity, and the economy of energy transduction are the parameters most likely to be affected. Detachment of crossbridges, the rate-limiting step for shortening, is believed to be sensitive to stress or strain. 75 Economy of energy transduction will be sensitive to the fraction of the time the cycling crossbridges are attached. The rate of hydrolysis of ATP will be influenced by the rate of attachment bridges to actin, a step apparently sensitive to the distance between thick and thin filaments, 74 and the steric arrangement of the crossbridge with respect to its binding site on actin.
Interference from phosphorylation of other myofilament proteins can be eliminated by working with isolated natural thick filaments in the presence of inhibitors of myosin light chain kinase. 76 -78 With these preparations, changes in the dimensions of the filaments and in the degree of order of the crossbridges can be detected by electron microscopy and optical diffraction. Cardiac thick filaments isolated from dissected rat hearts do not have uniform structure. On the basis of thickness and crossbridge order, the filaments fall into 3 groups. The filaments with intermediate thickness have a low degree of order, and the thickest filaments have the highest degree of order of crossbridges.
After selective phosphorylation of the MyBP-C in thick filaments, the heterogeneity disappears, and all filaments have the same dimensions and crossbridge order. Two detectable changes in thick filament structure have been produced by the phosphorylation of MyBP-C, as follows: (1) an expansion of the backbone of the filament including an outward movement of the ends and the centers of mass of the crossbridges of Ϸ3 nm, bringing them to what would be the surface of a thin filament in the intact filament lattice, 78 and (2) an apparent decrease in the flexibility of the crossbridges. 78 Selective phosphorylation of LC2 extends the crossbridges without expanding the backbone of the filament, and it decreases the order (and increases the flexibility) of the crossbridges. 76 Therefore, the 3 groups probably represent unphosphorylated filaments, filaments with LC2 phosphorylated, and filaments with MyBP-C phosphorylated.
A combination of the structural and the sequence data about cMyBP-C suggests a mechanism for the increase in the thickness of the thick filament produced by phosphorylation of cMyBP-C. cMyBP-C is Ϸ44 nm long and binds to the rod portion of myosin. Three molecules of cMyBP-C appear to be bound to the filament surface every 43 nm in the C zone, probably oriented perpendicularly to the filament axis. In the absence of phosphorylation, 3 cMyBP-C molecules perpendicularly oriented would overlap ( Figure 5 ) so that the last 3 modules of 1 molecule could interact with the first 3 modules of the adjacent molecule, as suggested by the adhesive tendency of immunoglobulin and fibronectin modules and the apparent capacity for dimer formation of cMyBP-C. The 3 overlapping molecules of cMyBP-C should maintain tight packing of myosin rods in the backbone of the thick filament and therefore restrict the myosin molecules. With phosphorylation of cMyBP-C, the thickness of the filament in the C zone increases from 30 to 37 nm, and the circumference should increase by Ϸ22 nm or Ϸ7 to 8 nm per cMyBP-C molecule ( Figure 5 ). By adding a large amount of negative charge at sites in the link between modules I and II, phosphorylation of cMyBP-C should disrupt the interaction of modules I and II with modules IX and X of adjacent cMyBP-C molecules, resulting in a shift of module 0 to an interaction with module X. This type of structural change would explain why cMyBP-C has an additional immunoglobulin module at the N terminus that is unnecessary in skeletal muscle. In skeletal muscle, force development is varied by the number of cells activated, whereas in cardiac muscle contractility is modulated in each myocyte. The increase in the circumference of the ring of cMyBP-C allows the filament to increase in thickness by decreasing the packing of myosin rods and decreasing the restriction of myosin, particularly the HMM portion of myosin.
In the absence of phosphorylation of cMyBP-C, the smaller ring of encircling molecules enhances the stability of the thick filament, making it quite resistant to disruption by force, but the myosin molecules are more restricted, which limits their ability to adjust to changes in the myofilament proteins such as might be produced by phosphorylation of LC2 or TNI. In the presence of phosphorylation of cMyBP-C, the total length of the 3 interacting molecules of cMyBP-C increases by Ϸ20%, producing less restriction of myosin and facilitating regulated changes in the actin-myosin interaction. Given that phosphorylation of cMyBP-C should reduce the interaction between adjacent molecules of cMyBP-C from 3 to 1 modules, the stability of the thick filament should also be decreased.
This structural change would explain why every (or almost every) physiological positive or negative modulation of contractility is accompanied by the appropriate change in the extent of phosphorylation of cMyBP-C. It also can explain how changes in phosphorylation of cMyBP-C can occur without a change in contractility. In the absence of MyBP-C 7, 8, 20 or when the myosin binding domain is absent, 39 the thick filament would be inherently less stable and more easily disrupted over time, particularly by high inotropic states. Later appearance of sarcomere disorganization and associated clinical symptoms would be expected with FHC from truncated cMyBP-C than with lesions in forceproducing proteins.
Phosphorylation of cMyBP-C also produces a change in flexibility of the crossbridges, probably by changes in the hinge region between the head and the rod portions of the myosin molecule. It is not yet clear how this occurs, but 1 of the 2 cMyBP-C binding sites on myosin is in this region. Changes in flexibility of the crossbridges could modulate crossbridge detachment rate, and changes in distance from its actin binding site as a result of altered packing of myosin rods modulate the attachment rate ( Figure 6 ).
The effect of PKA-induced phosphorylation of MyBP-C on cardiac muscle depends on the isoform of myosin just as the effect of MyBP-C addition on actomyosin ATPase activity does. With myosin containing ␣-MHC, the phosphorylation leads to a decrease in the flexibility of the crossbridges, looser packing of the backbone of the thick filament, and extension of the crossbridge. In contrast, the flexibility of the crossbridges containing ␤-MHC is greater with MyBP-C unphosphorylated than those with ␣-MHC, and treatment with PKA does not extend the crossbridges or change their flexibility.
The smaller separation of the crossbridge from the thin filament should increase the probability of attachment of the crossbridge to actin, resulting in a faster rise in force and a greater ATPase activity during activation. 74 The duration and possibly the range of the force transient could be decreased because of the decreased flexibility of the crossbridge, which would result in a greater stress for a given strain of the crossbridge at the end of the cycle and a more rapid detachment that leads to a greater velocity of shortening and rate of ATP hydrolysis. This type of model for regulation of crossbridge cycling can explain why PKA-mediated phosphorylation of MyBP-C increases ATPase activity of crossbridges with ␣-MHC but not with ␤-MHC. It can also account for the more rapid rate of relaxation with the phosphorylation 68 and the apparent decrease in internal load on the contraction when MyBP-C is partially extracted from the filament. 41, 42 
Future Directions
It is likely that there are multiple functions of cMyBP-C in heart muscle. Existing data favor a developmental role in the formation of normal thick filaments and the ordered sarcomere pattern in myofibrils and a modulatory role in the cycling of crossbridges. In neither case are the specifics of the roles defined. Phosphorylation of LC2 extends the crossbridges and decreases their order, 74 whereas phosphorylation of cMyBP-C loosens the packing of the rod portion of the myosin molecule. 76 Lower group, Diagram showing the proposed influence of phosphorylation of cMyBP-C on the interaction between cMyBP-C molecules in the thick filament. The phosphorylation inhibits interaction between modules 0 to 2 with 8 to 10 on the 2 molecules because of the added charge from the phosphate groups. The interaction takes place between the 0 module that is specific to the cardiac isoform and module X, the myosin binding module. PO4 indicates phosphorylation.
With the development of new mutants, not only of cMyBP-C but also other myofilament proteins, it will be possible to examine the structural changes and the biochemical and biophysical consequences of alteration of the phosphorylation sites and protein-interactive sites more precisely. It will be important to understand the relationship of calcium regulated to PKAinduced phosphorylation of cMyBP-C. This information will shed light on the molecular mechanisms involved in the functions of all of the myofilament proteins. Functional data from biochemical and biophysical studies indicate that contraction has a more finely tuned mechanism than can be provided by modulation only of excitation-contraction coupling. It will be important to understand the extent to which the different parameters of contraction, such as force, velocity, power, and efficiency can be regulated independently. Figure 6 . Diagram of a model to explain the effects of phosphorylation of MyBP-C on the cycling of crossbridges in cardiac muscle. The 2 major proposals are that (1) the flexibility of the crossbridge modulates its rate of detachment from the actin filament and (2) the distance between the thick and thin filaments modulates the rate of attachment of the crossbridges. Flexibility of the crossbridges is modified by phosphorylation of MyBP-C and is different in crossbridges with different isoforms of MHC. Phosphorylation of MyBP-C and change in sarcomere length can alter the distance between thick and thin filaments.
